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Abstract

Antimicrobial resistance (AMR) is a grand challenge threatening global health, food systems, and ecosystems. Biofilms—
structured microbial communities encased in an extracellular matrix—are a pervasive but underappreciated driver of
AMR across the One Health continuum (humans, animals, and the environment). Biofilm physiology elevates
antimicrobial tolerance through diffusion barriers, altered microenvironments, stress responses, and persister formation,
while promoting horizontal gene transfer (HGT) of resistance determinants. In clinical care, biofilms complicate device-
associated infections, chronic wounds, and respiratory disease. In agri-food systems, they colonize farm environments,
food processing equipment, and aquaculture infrastructure. In natural and built environments, biofilms act as reservoirs
and reactors for resistance genes and antibiotic residues. This review synthesizes current understanding of biofilm-driven
AMR across One Health, highlights advance in detection and control, and outlines prioritized policy, surveillance, and
research actions to address this hidden driver.
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1. Introduction:
Health lens

AMR through a One

Antimicrobial  resistance (AMR) emerges from
interconnected human, animal, and environmental domains
where antimicrobials, microbes, and genes cycle bi-
directionally. While policy and surveillance often
emphasize planktonic pathogens, most microbes in nature
inhabit surface-attached biofilms. AMR is inherently a One
Health challenge, arising from the interconnected misuse
and dissemination of antimicrobials across humans,
animals, food systems, and the environment (1). Biofilm-
associated cells display up to 10-1000x-reduced
susceptibility to antimicrobials compared with planktonic
counterparts, leading to persistent infections and
environmental reservoirs of resistance (2-5). The
extracellular polymeric substance (EPS) matrix, steep
gradients in oxygen and nutrients, and biofilm-specific gene
expression jointly remodel physiology, producing
phenotypes that evade immune responses and
pharmacologic exposures (4-8). Recognizing biofilms as a
cross-cutting AMR driver reframes priorities for
stewardship, sanitation, and innovation across the One
Health continuum.

Novelty and contribution of the present review

While biofilm-associated antimicrobial tolerance and
resistance mechanisms have been extensively examined in
clinical microbiology, their role as a unifying driver of
antimicrobial resistance across the interconnected human—
animal-environment continuum has not been systematically
synthesized. The present review advances existing
knowledge by: (i) explicitly framing biofilms as a cross-
cutting One Health AMR amplifier linking clinical
infections, agri-food systems, and environmental
resistomes; (ii) integrating environmental engineering,
materials science, and microbiology perspectives to
evaluate translational anti-biofilm interventions; (iii)
contextualizing biofilm-driven AMR within global
surveillance frameworks (e.g., GLASS and wastewater-
based epidemiology); and (iv) proposing prioritized
biofilm-aware policy and infrastructure actions. By
positioning biofilms as active ecological reactors of
resistance evolution rather than passive microbial
aggregates, this review reframes AMR containment
strategies across healthcare, agriculture, and environmental
governance.

2. Review methodology and scope

A narrative-integrative review methodology was adopted to
synthesize mechanistic, translational, and policy-relevant
evidence on biofilm-associated AMR within a One Health
framework. Literature searches were conducted using
PubMed, Web of Science, Scopus, and Google Scholar for

publications from 1999 to March 2025. Search strings
included combinations of: “biofilm” AND “antimicrobial
resistance” OR “antibiotic tolerance” OR “horizontal gene
transfer” OR “environmental resistome” OR “wastewater”
OR “food processing” OR “medical devices” OR “One
Health”.

Priority was given to systematic reviews and meta-analyses,
landmark mechanistic studies, environmental surveillance
datasets, and WHO/EFSA/CLSI/EUCAST/GLASS policy
documents. Inclusion criteria comprised studies that
examined biofilm-mediated tolerance, resistance evolution,
or resistome dissemination; addressed clinical, agricultural,
aquaculture, wastewater, drinking water, or food-processing
biofilms; and investigated HGT, co-selection, or persistence
dynamics. The scope integrates molecular mechanisms,
ecological dynamics, surveillance tools, and governance
frameworks to evaluate biofilms as a hidden but critical
driver of the global AMR crisis.

3. What are biofilms? Structure and
function relevant to AMR

3.1 Definition and architecture

Biofilms are multicellular assemblies embedded in a self-
produced matrix of polysaccharides, proteins, lipids, and
extracellular DNA (eDNA) (6,9). The matrix forms a
viscoelastic scaffold with water channels that modulate
transport, while binding antimicrobials and host factors
(6,9,10).

3.2 Microenvironments and heterogeneity

Biofilms exhibit microscale gradients in oxygen, pH, redox
state, and metabolites that segment the community into
subpopulations: rapidly dividing surface layers, slow-
growing interior cells, and dormant persisters (7, 11-13).
This spatial heterogeneity is central to antimicrobial
tolerance because most antibiotics act on active cellular
processes.

3.3 Developmental program

Biofilm formation proceeds through reversible attachment,
irreversible adhesion, microcolony maturation, and
dispersal. Quorum-sensing and cyclic-di-GMP signaling
regulate matrix production, motility, and detachment, with
species- and niche-specific features (14-16).
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4. How biofilms drive antimicrobial
tolerance and resistance

4.1 Matrix-mediated sequestration and diffusion
limitation

The EPS matrix impedes antibiotic penetration and can
chemically sequester or inactivate agents (e.g.,
aminoglycoside chelation by eDNA) (6,10,17).

4.2 Physiological adaptation and stress responses

Biofilm cells upregulate efflux pumps, SOS and stringent
responses, oxidative stress defenses, and biofilm-specific
regulons that reduce drug susceptibility (8,12,18). Low
metabolic rates in interior zones blunt the activity of growth-
dependent antibiotics (7,11,13).

4.3 Persisters and tolerance reservoirs

Persister cells are transient, non-heritable phenotypes that
survive lethal exposures and reseed communities post-
therapy (11,12,19). Their frequency increases under
biofilm-associated stresses (nutrient limitation, oxidative
stress) (11,19).

4.4 Horizontal gene transfer (HGT)

Dense cell packing and eDNA-rich matrices enhance
conjugation, transformation, and transduction. Biofilms
facilitate the exchange and maintenance of plasmids,
integrons, and transposons encoding resistance (20-23).
Sub-inhibitory antibiotic concentrations—common in
biofilms—can further select for HGT and mutagenesis.

4.5 From tolerance to heritable resistance

Repeated treatment failure against tolerant biofilms selects
for stable resistance mutations and mobile resistome
expansion, blurring operational distinctions between
tolerance and resistance (12,22,24).

4.6 From tolerance to resistance: unresolved
questions and controversies

Despite strong experimental evidence supporting biofilm-
mediated antimicrobial tolerance, the quantitative
contribution of biofilms to the global AMR burden remains
poorly resolved. A central controversy concerns whether
tolerance primarily serves as a transient survival phenotype
or acts as a direct evolutionary accelerator for heritable
resistance. While persisters do not carry resistance
mutations, repeated therapeutic failure against tolerant
biofilm populations creates strong selection pressure for
stable resistance determinants. Sub-inhibitory antibiotic
concentrations commonly detected in wastewater biofilms

further promote mutagenesis and HGT. Another unresolved
question concerns the representativeness of in vitro biofilm
models, which may not capture polymicrobial structure,
hydrodynamic shear, host immune pressure, and chemical
gradients present in chronic infections or wastewater
systems.

Results: Evidence Synthesis

5. Biofilm-driven AMR across One Health
domains

5.1 Human health (clinical and public health)

5.1.1 Device- and wound-associated infections

Indwelling medical devices and chronic wounds harbor
biofilms from pathogens such as Staphylococcus aureus,
Pseudomonas aeruginosa, and Candida spp., driving
recalcitrant infections and reinfection cycles (3-5,25-28).

5.1.2 Respiratory biofilms

Chronic lung diseases (e.g., cystic fibrosis, bronchiectasis,
COPD) feature polymicrobial biofilms with heightened
tolerance; P. aeruginosa biofilms exemplify adaptive
resistance and frequent HGT as discussed in section 4.4
(3,13,29).

5.1.3 Public health implications

Biofilm-laden water systems (hospital plumbing, dental unit
waterlines) and high-touch surfaces act as reservoirs for
healthcare-associated pathogens and resistance genes (30-
32).

5.2 Animal health and agri-food systems

5.2.1 Livestock and poultry

Biofilms colonize watering lines, milking equipment, and
housing surfaces; Salmonella, Campylobacter, and
Staphylococcus biofilms contribute to on-farm persistence
and transmission (33-35).

5.2.2 Aquaculture

Recirculating systems and nets host biofilms subjected to
antibiotic use and metals, promoting co-selection and
dissemination of resistance determinants (36-37).

5.2.3 Food processing
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Biofilms on processing lines and drains enable persistence
of Listeria monocytogenes and other foodborne pathogens
despite sanitation (38,39).

5.2.4 Plant interfaces

Plant pathogens like Xanthomonas and Pseudomonas
syringae form biofilms on leaf surfaces and vascular tissues,
causing persistent plant diseases. The protective EPS matrix
reduces the efficacy of bactericides and fungicides. (40)

5.3 Environment and the environmental resistome

5.3.1 Wastewater and receiving waters

Wastewater treatment plants (WWTPs), hospital effluents,
and combined sewer overflows are hotspots where
antibiotics, biocides, metals, and microorganisms co-mingle
in biofilms on pipes and reactors, fostering selection and
exchange of resistance genes (41-45). Effluent and sludge
can disseminate ARGs to surface waters and soils (42-45).

5.3.2 Built environment microbiomes

Drinking water distribution systems, premise plumbing,
and cooling towers harbor diverse biofilms shaped by
disinfectant residuals and pipe materials (30, 46-48).

5.3.3 Co-selection by biocides and metals

Environmental exposures to disinfectants and heavy metals
can co-select for AMR via shared efflux systems and co-
located genes on mobile elements (49-50).

5.4 Quantitative context across domains

Tolerance increases of 10—1000-fold are frequently cited,
but magnitude varies by species composition, matrix
chemistry, hydrodynamic regime, antimicrobial class, and
exposure duration. Environmental biofilms often exhibit
lower apparent tolerance than clinical biofilms; however,
their ecological significance lies in long-term selection,
gene exchange, and dissemination rather than acute
treatment failure. Thus, clinical tolerance manifests as
therapeutic recalcitrance, whereas environmental tolerance
functions as a chronic evolutionary incubator of resistance.
Figure. 1 depicts the dissemination of biofilms lead AMR
formation in different environmental conditions.
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Figure 1. Biofilm-driven One Health AMR transmission network.
6. Detection and surveillance

6.1 Phenotypic assays

Crystal violet microtiter assays, colony biofilm models, and
flow cells quantify biomass and architecture but under-
represent polymicrobial, in situ complexity (51-53).

6.2 Microscopy and imaging

Confocal laser scanning microscopy with fluorescent
reporters enables 3D visualization and live/dead mapping;
microelectrodes and Raman micro spectroscopy reveal
chemical gradients (6,52,54).

6.3 Genomics and resistome analytics

Shotgun metagenomics and long-read sequencing profile
taxonomic and ARG composition; plasmid-resolved
assemblies and Hi-C link ARGs to hosts (43,55,56). qPCR
panels quantify sentinel ARGs. Integrating biofilm
sampling into GLASS-like surveillance would better
capture environmental and device-associated reservoirs (57-
59).

6.4 Standardization gaps

Lack of harmonized biofilm sampling methods, clinically
relevant susceptibility testing for biofilms, and cross-sector
data integration remain barriers (53,58,59).

Despite methodological advancements, biofilm-aware
AMR surveillance is still constrained by a lack of uniform
sampling, a lack of clinically validated biofilm
susceptibility tests, the high cost of advanced omics, and lax
regulatory requirements. These barriers hinder routine
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integration into healthcare and environmental monitoring
frameworks.

7. Interventions and control strategies

7.1 Preventing attachment and matrix formation

Surface engineering (anti-adhesive, zwitterionic, or micro-
topographical coatings) and materials releasing nitric oxide
or quorum-sensing inhibitors reduce initial colonization
(60-63).

7.2 Matrix-disrupting adjuvants

Enzymes (DNases, dispersin B), chelators, and mucolytics
enhance antibiotic penetration; physical modalities
(ultrasound, electrical stimulation, photodynamic therapy)
augment disruption, especially in wound care (17-66).

7.3 Targeting physiology and persisters

Cyclic-di-GMP modulators, metabolic adjuvants (e.g.,
sugars to potentiate aminoglycosides), and anti-persister
strategies (e.g., ADEP4 activating ClpP) restore antibiotic
activity in tolerant subpopulations (12,19,67,68).

7.4 Anti-virulence and
interference

quorum-sensing

QS inhibitors and anti-virulence agents disarm pathogens
without strong selective pressure for resistance (15,63,69).

7.5 Biologics and alternatives

Bacteriophages and phage-derived endolysins penetrate and
disrupt biofilms; combinations with antibiotics or
depolymerases show synergy. Probiotics and bacteriocins
modulate colonization in food systems and aquaculture (70-
74).

7.6 Hygiene, sanitation, and stewardship

Rigorous cleaning-in-place, biofilm-aware sanitation
schedules, and prudent antimicrobial use across human and
veterinary medicine reduce selection pressure and surface
colonization (33,35,38,57).

This section approaches differ markedly in evidence
strength and translational readiness. Surface engineering
and improved sanitation are currently the most mature and
widely deployable strategies. Enzymatic matrix disruptors
and physical adjuncts show strong preclinical and early
clinical promise, particularly in wound care. Phage therapy,
quorum-sensing inhibitors, and anti-persister agents remain
largely experimental but offer high long-term potential if
regulatory and manufacturing hurdles are addressed.

8. Cross-domain transmission pathway

Biofilm-associated resistome circulate through
interconnected ecological and infrastructural pathways.
WWTPs act as convergence nodes where clinical,
agricultural, and community-derived antibiotics, metals,
and microorganisms co-mingle in dense biofilm reactors.
Effluent discharge disseminates ARGs into rivers used for
irrigation, facilitating soil and crop colonization. Food crops
and aquaculture products then act as secondary exposure
routes to the human gut microbiome. Hospital plumbing
biofilms and municipal drinking water systems form
bidirectional reservoirs for healthcare-associated pathogens.
Agricultural runoff introduces manure-derived biofilms into
surface waters, while aquaculture facilities recycle biofilm-
laden water through recirculating systems. These feedback
loops transform biofilms into ecological amplifiers rather
than passive reservoirs, linking antimicrobial use in one
sector directly to resistance emergence in another.

9. Discussion

9.1 Biofilms as ecological
antimicrobial resistance

amplifiers of

The evidence synthesized in this review supports a
paradigm shift in AMR governance: biofilms must be
recognized not merely as clinical complications but as
ecological amplifiers of resistance evolution. Their spatial
structure, metabolic heterogeneity, and genetic exchange
networks generate evolutionary conditions unmatched by
planktonic ~ systems.  Current =~ AMR  strategies
disproportionately focus on antimicrobial stewardship while
underestimating  infrastructural reservoirs such as
wastewater reactors, hospital plumbing, and food-
processing drains. Without addressing these persistent
ecological reactors, resistance suppression in one domain
will continue to be undermined by selection in another. A
biofilm-aware, One Health framework therefore demands
integration of microbiology, engineering, materials science,
public health, and governance.

AMR's ecological amplifiers: biofilms, the data backs with
the idea that biofilms are ecological amplifiers of resistance
evolution rather than only clinical issues.

Current AMR strategies overemphasize stewardship while
underestimating  infrastructural reservoirs such as
wastewater reactors, hospital plumbing, and food-
processing drains. Without addressing these systems,
resistance suppression in one domain will be undermined by
selection in another.
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10. Policy,
priorities

governance, and research

Biofilm-aware AMR control is shaped by policy,
governance, and research agendas in addition to technical
difficulties and ethical and economic factors.

Responsibility for monitoring environmental resistome
remains poorly defined, while infrastructure upgrades and
advanced diagnostics pose substantial cost barriers,
particularly in low- and middle-income settings. Addressing
these gaps requires coordinated regulatory frameworks,
sustained investment, and cross-sector accountability.

Tier 1: Immediate actions (1-3 years)

e Integrate biofilm sampling into wastewater-based
AMR surveillance

e Include hospital plumbing and food-processing
drains in routine monitoring

e Harmonize environmental ARG panels with
GLASS indicators

Tier 2: Mid-term actions (3-7 years)

e Develop CLSI/EUCAST biofilm susceptibility
standards

e Mandate biofilm-aware sanitation protocols in
food industries
antibiotic

e Regulate environmental

thresholds

discharge

Tier 3: Long-term structural reforms (7-15 years)

e  Redesign healthcare and water infrastructure using
anti-biofilm materials

e Incentivize anti-biofilm medical devices
e  Establish One Health biofilm observatories

11. Conclusion

Biofilms represent a ubiquitous yet underappreciated driver
of antimicrobial resistance across the One Health
continuum. Their emergent properties matrix protection,
physiological heterogeneity, persister formation, and
intensified gene exchange create evolutionary conditions
that accelerate resistance emergence while undermining
therapeutic and sanitation strategies. Positioning biofilms at
the centre of AMR surveillance, infrastructure design, and
policy reform offers a transformative opportunity for
durable resistance containment. A translational research
agenda bridging microbiology, engineering, and

implementation science is essential to outpace this hidden
driver of the global AMR crisis. Biofilms as ecological
amplifiers of AMR, the evidence supports a shift from
viewing biofilms solely as clinical complications to
recognizing them as ecological amplifiers of resistance
evolution. Current AMR strategies overemphasize
stewardship ~ while  underestimating  infrastructural
reservoirs such as wastewater reactors, hospital plumbing,
and food-processing drains. Without addressing these
systems, resistance suppression in one domain will be
undermined by selection in another.

12.Research Gaps and Future Directions

1.Translational PK/PD models

physiology.

2.Standardized biofilm diagnostics for clinical and
environmental monitoring.

3.Field trials for anti-biofilm surfaces, phage, and nano-
based therapies.

4 Risk assessment linking environmental biofilm indicators
to human/animal outcomes.

5.Policy integration: harmonized guidelines on discharge
standards, device design, and monitoring.

reflecting  biofilm
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